In order to investigate the role of the ferric uptake regulator Fur in the porcine lung pathogen Actinobacillus pleuropneumoniae, we constructed an isogenic in-frame deletion mutant, A. pleuropneumoniae ⌬fur. This mutant showed constitutive expression of transferrin-binding proteins, growth deficiencies in vitro, and reduced virulence in an aerosol infection model.
FIG. 1. Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (top) and corresponding Western blots of whole-cell lysates from wt A. pleuropneumoniae (lanes 1 and 2), the uncomplemented isogenic deletion mutant A. pleuropneumoniae ⌬fur (lanes 3 and 4), or A. pleuropneumoniae ⌬fur complemented with plasmid pFU1310 (lanes 5 and 6) or pFU1311 (lanes 7 and 8) grown under standard (odd-numbered lanes) or iron-depleted (even-numbered lanes) conditions. Ten micrograms of protein was loaded per lane. The blots were developed with antibodies directed against TbpB (center) and ExbB (bottom), respectively. The closed arrowhead indicates the position of the TbpB protein; the open arrowhead indicates the position of the ExbB protein.
In A. pleuropneumoniae ⌬fur, TbpB and ExbB were constitutively expressed, whereas the A. pleuropneumoniae wt showed only low expression levels under standard culturing conditions and a clear upregulation upon iron restriction (Fig.  1) . Complementation of A. pleuropneumoniae ⌬fur with plasmid pFU1310 but not plasmid pFU1311 restored iron-dependent regulation of TbpB and ExbB expression (Fig. 1) . The transcriptional start point of the exbBD-tbpBA transcript was determined using the 5Ј-RACE system for rapid amplification of cDNA ends, version 2.0 (Invitrogen, Groningen, The Netherlands) and was found to be an "A" 41 bp upstream of the tonB start codon within a putative Fur box (GATAATGATT TTCATTAAC, 94% identical with the consensus sequence [7] ; boldfaced letter indicates transcriptional start point), as is typical for Fur-regulated promoters (30) . Together the results of the genetic analyses and the expression studies strongly suggest that expression of the exbBD-tbpBA operon is regulated by Fur.
Growth deficiencies of A. pleuropneumoniae ⌬fur. Actinobacillus pleuropneumoniae ⌬fur showed significantly reduced growth (i) in nonagitated PPLO broth under an atmosphere with 5% CO 2 ( Fig. 2A ; P Ͻ 0.01 by Student's t test), (ii) under anaerobic conditions (growth for 16 h in an anaerobic chamber) ( Fig. 2B ; P Ͻ 0.01 by Student's t test), (iii) on NAD (10 g/ml)-supplemented PPLO agar plates (Fig. 2C) , and (iv) on selective NAD-supplemented blood agar (Fig. 2D ) containing crystal violet (1 g/ml), lincomycin (2 g/ml), bacitracin (100 g/ml), or nystatin (50 g/ml) (19), due to iron-dependent sensitivity to bacitracin ( Fig. 2E and F) . Complementation with fur in trans completely (plasmid pFU1310) or partially (plasmid pFU1311) restored growth on both solid media ( Fig. 2C  and D) , thereby confirming that the absence of fur is responsible for these growth deficiencies. These deficiencies might be due to (i) increased iron uptake leading to toxic concentrations of iron in the cell, as described for other pathogens (10, 27) , (ii) redundant energetic investment in the production of Fur-regulated proteins in the presence of sufficient iron, or (iii) downregulation of metabolic enzymes positively regulated by Fur.
A. pleuropneumoniae ⌬fur shows reduced virulence in an aerosol infection model. We previously showed that an A. pleuropneumoniae fur transposon-insertion mutant was highly attenuated in competition assays in vitro and in vivo (26) . To investigate the effects of the fur deletion in vivo, we challenged clinically healthy pigs 7 to 9 weeks of age from an A. pleuropneumoniae-free herd by using a previously described aerosol (E and F) Growth of wt A. pleuropneumoniae and its isogenic mutant A. pleuropneumoniae ⌬fur on supplemented blood agar containing bacitracin (100 g/ml) alone (E) or bacitracin (100 g/ml) and the iron chelator calcium trisodium pentetate (F). a Bacterial cultures were grown to an optical density at 660 nm of 0.37 for the A. pleuropneumoniae wt and 0.47 for A. pleuropneumoniae ⌬fur, kept on ice for 10 min, and then diluted 300-fold with a 150 mM NaCl solution, kept on ice, and further diluted 100-fold immediately before challenge; 13 ml of this suspension was used for challenge in the aerosol chamber. The number of CFU was determined from the suspension used for challenge.
b The solid-phase antigen was prepared as described previously (12) . The number given is the arithmetic mean of the highest serum dilution resulting in an optical density twice as high as that of the negative-control serum at a dilution of 1:100.
c Recombinant ApxII was used as the solid-phase antigen as described previously (20) . The number given is the arithmetic mean of the serum activity in enzymelinked immunosorbent assay units.
d The total clinical score from day 1 to day 7 was determined based on the directive in the European Pharmacopoeia for testing A. pleuropneumoniae vaccines (Porcine Actinobacillosis Vaccine [Inactivated]) as described previously (18) . Data were summarized for animals sacrificed on days 7 and 21. The total clinical score of animals infected with A. pleuropneumoniae ⌬fur is significantly lower than that of the group infected with the A. pleuropneumoniae wt (P Ͻ 0.05 by the Mann-Whitney U test).
e NA, not applicable, as the clinical scores of animals sacrificed on day 7, as well as those of animals sacrificed on day 21, are summarized as stated in footnote d. f The lung lesion score was determined as described by Hannan et al. (14) . g The lung lesion scores of animals infected with A. pleuropneumoniae ⌬fur were significantly lower than those of the group infected with the A. pleuropneumoniae wt (P ϭ 0.017 by the Wilcoxon test).
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on November 10, 2017 by guest http://iai.asm.org/ ⌬fur. Further, all animals in both groups had developed antibodies against the ApxIIA toxin (20) as well as against surfaceassociated proteins (12) ( Table 2 ). For histopathology, lung tissues were immersion-fixed in formalin and embedded in paraffin, and 5-m thin sections were stained with hematoxylin and eosin. Lung tissue on day 7 after infection with wt A. pleuropneumoniae revealed acute pleuritis, bronchitis, thrombosis, vasculitis, and multifocal coagulative and liquefaction necroses lined by active immune cells (Fig. 3A) . Lung lesions in pigs infected with A. pleuropneumoniae ⌬fur differed insofar as the area of active immune defense was broader and included fibroblasts and collagen fibers, and cell debris was less prominent (Fig. 3C) . This difference was even more distinct on day 21 postinfection. The histological differences observed, especially the presence of fibroblasts and collagen in the demarcation wall of lesions caused by A. pleuropneumoniae ⌬fur as early as day 7 (Fig. 3C ) postinfection and the absence of the prominent layer of decayed immune cells on day 21 (Fig. 3D) , suggest that A. pleuropneumoniae ⌬fur was more susceptible to the host immune response than the A. pleuropneumoniae wt and therefore was eliminated faster, with less destruction of immune cells. The A. pleuropneumoniae wt could be reisolated in large numbers from surface swabs of lymph nodes and from intact and altered lung tissue of all animals, as well as from tonsils for 9 of 12 animals in the respective challenge group. In contrast, reisolation of A. pleuropneumoniae ⌬fur was successful only from altered lung tissue (Table 2 ). This supports the hypothesis that A. pleuropneumoniae ⌬fur is more susceptible to the host immune response and is cleared faster from healthy lung tissue than from the centers of necrotic areas, where it is shielded from the active immune response to a certain extent by necrotic tissue and fibrous demarcation. The lack of persistence of A. pleuropneumoniae ⌬fur on the respiratory epithelium might be mediated by the continuous expression of TbpB, since TbpB is highly immunogenic (25) . An additional possible cause for the inability of fur mutants to persist is a deregulation of iron uptake, resulting in toxic levels of intracellular iron and reduced growth (16) . Furthermore, in other bacteria, Fur was found to upregulate factors that might influence survival inside the host, such as superoxide dismutase (8, 22) and catalase (15) . Finally, Hsu et al. (17) demonstrated that expression of ApxI, one of the RTX toxins that are major virulence factors of A. pleuropneumoniae (9) , is positively regulated by Fur under high calcium conditions. Since the impact of Fur on the expression of ApxII and ApxIV, the only toxins 
